Introduction
Recent rigorous examination of complete eucaryotic genomes, combined with gene expression profiling analyses, has shed exciting and unexpected insight into the gene organization patterns within a genome. In contrast to the long-held presumption that genes are randomly distributed throughout the eucaryotic genomes, there is compelling evidence for clustering of co-expressed genes in every eucaryotic genome examined so far (Hurst et al., 2004) . For example, 25% of genes in budding yeast that are transcribed in the same cell-cycle stage are adjacently located (Cho et al., 1998) . The gene-clustering phenomenon is perhaps even more prominent in multicellular organisms. It is reported that 20% of genes in the entire fly genome are organized into clusters with similar expression patterns (Spellman and Rubin, 2002) . Likewise, a large number of housekeeping genes and highly expressed genes in the human genome are clustered (Caron et al., 2001; Lercher et al., 2002) . Co-expression of most gene clusters is unlikely owing to a 'bystander effect' wherein genes might be activated simply because they are adjacent to other actively transcribed genes, as syntenic analyses of mouse and human genomes indicate that the order of co-expressed genes in a cluster is conserved by natural selection (Singer et al., 2005) . Therefore, clustering of coexpressed genes may have a functional advantage in coordinating gene expression during cell proliferation, differentiation and development.
In addition to their potential roles in normal physiology, gene clusters across chromosomal regions are often upregulated in various tumors (Zhou et al., 2003; Koon et al., 2004) . For example, members of the trefoil factor family (TFF1-3) are tandem clustered within a 55 kb genomic region at chromosome 21q22.3 (Chinery et al., 1995; Schmitt et al., 1996) . Clinical studies suggest a strong association of TFF1/TFF3 expression with breast cancer (Poulsom et al., 1997; Mikhitarian et al., 2005; Xu et al., 2005; Smid et al., 2006) . In a recent study of primary breast tumor samples, overexpression of TFF1 (pS2) and TFF3 was most significantly correlated with bone metastasis in breast cancer (Smid et al., 2006) . In addition, it has been shown that plasma levels of TFF1, TFF2 and TFF3 are increased in patients with advanced prostate cancer (Vestergaard et al., 2006) . Therefore, coordinate expression of the TFF gene cluster may represent a significant marker in breast and prostate cancer progression. Although part of the upregulated clustered gene expression in tumor samples could be attributed to gene amplification, epigenetic changes in high-order chromatin structure may also lead to dysregulation of coordinated gene expression at the transcription level in human cancers. Despite the abundant evidence for clustering of co-expressed genes in eucaryotic genomes, the mechanistic basis and protein regulators that dictate the coordinated expression of clustered genes are poorly understood.
Cofactor of BRCA1 (COBRA1) was first identified as a BRCA1-interacting protein capable of inducing largescale chromatin reorganization (Ye et al., 2001) . COBRA1 was subsequently found to be one of the four subunits of the negative elongation factor complex NELF (NELF-B) (Narita et al., 2003) . The NELF complex was biochemically purified based on its ability to inhibit transcription elongation by stalling RNA polymerase II (RNAPII) within the promoter-proximal region (Wada et al., 1998; Yamaguchi et al., 1999) . Recent in vivo work shows that COBRA1 interacts with the ligand-binding domain of estrogen receptor a (ERa) (Aiyar et al., 2004) . In response to estrogen, COBRA1 and the rest of the NELF complex are recruited to a subset of ERa-regulated promoters such as TFF1 (pS2), and inhibit the ligand-dependent gene activation by interfering with the RNAPII movement (Aiyar et al., 2004) . To better understand the pattern of gene regulation by COBRA1, we conducted a genome-wide search for COBRA1 target genes by comparing gene expression profiles in control and COBRA1 knockdown breast cancer cells. Our work led to the key discovery that COBRA1 regulates both ligand-dependent andindependent expression of cancer-associated genes that tend to cluster on the chromosomes, including the TFF gene cluster. Thus, this finding suggests a link between regulation of transcription elongation and higher order chromatin structure in breast cancer cells.
Results

Whole-genome analysis of COBRA1-regulated genes
To conduct a genome-wide search for genes regulated by COBRA1, ERa-positive breast cancer cell line T47D was infected with a retrovirus expressing either a control small hairpin RNA (shRNA) against enhanced green fluorescent protein (EGFP) (shEGFP) or shRNA against COBRA1 (sh2A). shRNA-mediated knockdown of COBRA1 was verified by Western blotting (Figure 1a) . Total RNA isolated from duplicates of each shRNA-expressing cell line was subjected to microarray analyses using the Affymetrix microarray chips (HG-U133A). Examination of the microarray data revealed a total of 134 genes with a P-value of less than or equal to 0.05 and a fold change in signal intensity greater than 1.5 (Supplementary Table 1 ). Among these genes, 84 were stimulated (i.e. COBRA1-repressed) and 50 were downregulated (i.e. COBRA1-activated) in the COBRA1 knockdown cells (Supplementary Table 1 ). As expected, COBRA1 was among the downregulated genes from the initial microarray analysis (reduced 2.96-fold; P-value 0.04), but was not included in the final list of COBRA1-regulated genes. Of note, 31 out of the 134 COBRA1-regulated genes are either membrane-associated or secretory (solid squares in Supplementary Table 1) . Using the Ingenuity Gene Ontology Analysis software program (www.ingenuity.com), we found that the list of COBRA1-regulated genes is enriched with those involved in cell cycle control, antigen presentation and amino-acid synthesis pathways (Figure 1b) .
A total of 21 COBRA1-regulated genes have been reported to be estrogen-responsive (http://defiant.i2r. a-star.edu.sg/projects/Ergdb-v2/index.htm) (solid triangles in Supplementary Table 1) , and 17 of them are repressed by COBRA1 (upregulated in the COBRA1 knockdown cells). This extends our previous observation of the COBRA1-mediated repression of estrogenresponsive transcription at the TFF1 (pS2) and C3 loci (Aiyar et al., 2004) . In addition, a large number of COBRA1-regulated genes have been previously implicated in cancer development. These include CD74 in myeloma (Burton et al., 2004) , Claudin 1 in colon cancer (Dhawan et al., 2005) , AZGP1 in prostate cancer (Lapointe et al., 2004) and the cancer/testis-specific Gantigens (GAGEs) (Bodey, 2002) . In particular, multiple COBRA1-regulated genes have been associated with breast cancer. These include APOD (Lopez-Boado et al., 1994; Blais et al., 1995; Rassart et al., 2000) , CLDN1 (Kramer et al., 2000; Hoevel et al., 2002; Morin, 2005; Tokes et al., 2005) , MGP (Chen et al., 1990; Sheikh et al., 1993; Hirota et al., 1995) , GAGEs (Mashino et al., 2001; Duan et al., 2003) , MCM2 (Gonzalez et al., 2003; Moggs et al., 2005; Shetty et al., 2005) , PIP (Pagani et al., 1994; Clark et al., 1999; Carsol et al., 2002; Tian et al., 2004) , TIMP1 (Nakopoulou COBRA1 regulates clustered gene expression SE Aiyar et al et al., 2003; Wu¨rtz et al., 2005) , WISP2 (Banerjee et al., 2003) and TFF3 (Xu et al., 2005) .
Confirmation of microarray data by real-time RT-PCR
Quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis was used to verify the microarray results for 15 COBRA1-repressed genes and four COBRA1-stimulated genes (bold in Supplementary Table 1 ). To alleviate the concern over the 'off-targeting' effect commonly associated with shRNA-mediated gene silencing, we also included an independent T47D pool that expressed a different COBRA1-targeted shRNA (shGA; Figure 1a ). All 19 genes verified by real-time RT-PCR were affected by COBRA1 knockdown in the same direction as indicated by the microarray. A subset of these genes is shown in Figure 2 . For example, consistent with the microarray data, expression of CLDN1, ARHGDIB, WISP2 and TXNIP was stimulated when COBRA1 was reduced by either COBRA1-specific shRNA ( 
Clustering of COBRA1-regulated genes
A close examination of the genomic locations of the COBRA1-regulated genes revealed an intriguing finding of non-random distribution of many genes across the genome. In two instances (MGP and ARHGDIB on chromosome 12; DNAL4 and CBX6 on chromosome 22), the two COBRA1-regulated genes on the same chromosome are only separated by one gene. In addition, TFF3 at chromosome 21q22 is clustered with TFF1 (pS2), another member of the TFF and a known COBRA1-repressed gene from our previous work (Aiyar et al., 2004) . Lastly, GAGE2 and GAGE7, which belong to the same cancer/testis-specific G antigen family on chromosome X (Xp11) (de Backer et al., 1999) , are immediate neighbors of each other. Although some COBRA1-regulated genes such as TFF1/TFF3 and GAGE2/7 belong to gene families, many other clustered COBRA1 target genes are apparently structurally unrelated. A chromosomal gene cluster is defined as two or more genes in which a contiguous start site is within a distance (d) of the neighboring start site. When d is set at 20 Mb, 112 of the 134 COBRA1-regulated genes appear to be clustered on the chromosomes ( Figure 3 and Supplementary Table  4) . We estimate the significance of this by randomly sampling 134 starts 100 000 times among 13 003 nonoverlapping exemplar sequences from which Affymetrix probe sets were selected. The clustering phenomenon is statistically significant (P ¼ 0.004) with the median number of randomly selected genes found in clusters equal to 80. As illustrated in Figure 3 , the clustering effect is observed on all chromosomes except 18. 
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Chromosome 1 has the largest number of COBRA1-regulated gene clusters (a total of five), with one of these clusters containing nine genes (1q41-q42).
Analysis of the COBRA1-regulated gene cluster at Xp11
Following the global analysis of the COBRA1-regulated gene expression, we carried out a more in-depth study at specific gene clusters. Aberrant gene expression on the X chromosome has recently been associated with both hereditary and sporadic basal-like breast cancer (Richardson et al., 2006) . In addition, several COBRA1-repressed genes at the X chromosome including GAGE2/GAGE7 at Xp11.2 and TIMP1 at Xp11.2-11.4 are proximal to each other and have been implicated in breast cancer development (Chen et al., 1998; Mashino et al., 2001; Bodey, 2002; Duan et al., 2003; Nakopoulou et al., 2003; Wu¨rtz et al., 2005) . We therefore examined the effect of COBRA1 knockdown on these and flanking genes by quantitative RT-PCR. As summarized in Figure 4 (top diagram), several additional members of the GAGE gene family as well as FOXP3 were upregulated by COBRA1 knockdown, whereas expression of GAGEB1 and LOC139163 was reduced in the absence of COBRA1. Expression of four other neighboring genes in this genomic region (GA-GEC1, LOC286408, PPP1R3F and JM1) was not affected by COBRA1. Except for FOXP3, all CO-BRA1-affected genes at this locus are contiguous. TIMP1, another COBRA1-repressed gene revealed by the microarray study, is located approximately 2 Mb downstream of the GAGE locus on the X chromosome. The entire TIMP1 gene is situated within the sixth intron of SYN1, which is transcribed in the opposite direction. Examination of eight genes in this genomic region by quantitative RT-PCR indicates that expression of SYN1 and TIMP1 are elevated by COBRA1 knockdown, whereas none of the flanking genes were affected by COBRA1 (Figure 4, bottom diagram) . Of note, expression of the ZNF family (ZNF41, ZNF81 and ZNF157) located in the same region was not regulated by COBRA1, suggesting that COBRA1 is not a general transcription regulator of all gene families. To determine whether COBRA1 was physically associated with any of the affected genes at the Xp11 locus, we carried out chromatin immunoprecipitation (ChIP) in a T47D derivative that expresses a moderate amount of ectopic Flag-COBRA1. This cell line allows for ChIP with both an anti-COBRA1 and anti-Flag antibody. As shown in Figure 5 , positive ChIP signals were detected at the promoters of TIMP1 and SYN1, as well as the common promoter for GAGE 1, 2 and 8. The intensity of the ChIP signals varied between the two antibodies at the three COBRA1-regulated promoters (compare lanes 3 and 4), which could be owing to the variation in availability of the epitopes and conformation of the COBRA1 protein at specific loci. Neither antibody revealed any COBRA1 association with the promoters for GAGE4-7/7B, ELK1 on chromosome X or glyceraldehyde-3-phosphate dehydrogenase on chromosome 12. These findings strongly suggest a preferential affinity of COBRA1 for a subset of COBRA1-regulated genes on chromosome X.
Characterization of the COBRA1 action at the gene cluster on 21q22 TFF3, which is upregulated by COBRA1 knockdown in the microarray experiment, belongs to the TFF that also includes TFF1 and TFF2. TFF1, the previously known COBRA1 target gene (Aiyar et al., 2004) , was upregulated by COBRA1 knockdown as well (3.95-fold). However, it had a P-value of 0.066 and therefore was not included in the list of COBRA1-regulated genes from the microarray analysis. This is most likely due to the exceedingly stringent criteria set for the current microarray analysis (Po0.05), as quantitative RT-PCR using the same RNA for the microarray experiment clearly indicated an elevated TFF1 messenger RNA (mRNA) level in the COBRA1 knockdown cells (data not shown; but see Figure 8 ).
Given the clinical evidence for an association of upregulation of TFF1 and TFF3 with breast cancer development (Poulsom et al., 1997; Mikhitarian et al., 2005; Xu et al., 2005; Smid et al., 2006) , we compared the impact of COBRA1 knockdown on the expression of TFF1/TFF3 and several other neighboring genes in this region. As summarized in Figure 6 , TFF1, TFF3 and two additional genes (TMPRSS3 and TSGA2) in the cluster were upregulated by COBRA1 knockdown. On the other hand, expression of TFF2 and UBASH3A was decreased in the COBRA1 knockdown cells, whereas ABCG1 and SLC37A on the outskirts of the region were not affected by COBRA1. Interestingly, all Table 6 for the raw quantitative RT-PCR data.
COBRA1 regulates clustered gene expression SE Aiyar et al COBRA1-repressed genes (i.e. stimulated in the absence of COBRA1) at this locus are transcribed in the same direction. Consistent with our previous finding (Aiyar et al., 2004) , ChIP analysis showed that COBRA1 was associated with the TFF1 promoter region (Figure 7 ). In addition, COBRA1 was present at the promoters of several additional potential target genes in this region, including TFF3, TMPRSS3, TSGA2 and UBASH3A. COBRA1 was not detected at the promoters of TFF2, SLC37A1 or ABCG1. Therefore, COBRA1 is preferentially associated with most of its regulated genes at this particular cluster.
Impact of COBRA1 on the estrogen-dependent and -independent transcription at the 21q22 locus Because both TFF1 and TFF3 are responsive to estradiol stimulation (May and Westley, 1997) and ERa has been shown to bind to several regions along chromosome 21 (Carroll et al., 2005) , we assessed the impact of COBRA1 on the ligand-dependent andindependent transcription of those COBRA1-repressed genes within the TFF-encompassing gene cluster (TFF1, TFF3, TSGA2 and TMPRSS3). Control and COBRA1 knockdown T47D cells were starved in charcoalstripped medium for 3 days, and subsequently treated with 10 nM 17-b-estradiol for 24 h. As shown by quantitative RT-PCR analysis (Figure 8 ), ligand-dependent transcription of the estrogen-responsive genes (TFF1, TFF3 and TMPRSS3) was significantly elevated in the COBRA1 knockdown cells (compare the second and fourth bars in each panel). In addition, expression of TFF3 and TMPRSS3 was also stimulated by the COBRA1 reduction even in the absence of exogenously added estrogen (compare the first and third bars), suggesting an effect of COBRA1 on the ligandindependent transcription as well. On the other hand, TSGA2 expression was not estrogen-responsive, yet its transcription was upregulated by COBRA1 knockdown in charcoal-stripped medium with and without exogenously added estrogen (Figure 8) . Therefore, our data suggest that COBRA1 is capable of repressing both ligand-dependent and -independent gene expression at the TFF gene cluster.
Discussion
In vitro biochemical characterization clearly demonstrate that NELF, of which COBRA1 is an integral subunit, modulates transcription elongation by stalling RNAPII at the promoter-proximal region (Yamaguchi et al., 1999; Palangat et al., 2005) . Previous in vivo studies in human and Drosophila systems corroborate the RNAPII-stalling function of NELF in gene regulation (Wu et al., , 2005a Aiyar et al., 2004) .
Immunostaining of Drosophila polytene chromosomes shows fewer foci for NELF than RNAPII , suggesting that NELF may not act as a general transcription elongation factor for all RNAPII-dependent gene expression. Findings from our whole-genome in at least a subset of these specific genes and chromosomal regions. A specialized function of NELF in regulating more complex chromatin structure and hormone-dependent gene expression in higher eucaryotes would be consistent with the absence of their structural homologs in unicellular eucaryotes. Our previous gene-targeted investigation in breast cancer cells strongly suggests that COBRA1 represses ligand-dependent gene activation by ERa at a subset of estrogen-responsive genes including TFF1 (pS2). Findings from the unbiased approach in the current study corroborate and extend the previous observation by uncovering an additional set of known estrogenresponsive genes that are regulated by COBRA1. Our new data also suggest that COBRA1 can modulate both ligand-dependent and -independent transcription of ER-responsive promoters (Figure 8 ). However, it is worth noting that the majority of COBRA1-regulated genes uncovered in our study have not been reported to be estrogen-responsive, and this includes those that were verified by the real-time RT-PCR analysis (e.g. TSGA2). Therefore, in addition to its role in modulation of ER-dependent gene expression, COBRA1 may also regulate transcription via its interactions with other site-specific transcription factors. Consistent with this notion, COBRA1 was found to interact with AP1 and represses its transcriptional activity (Zhong et al., 2004 ).
An important finding from the current study is the clustered organization of many COBRA1-regulated genes. This is manifested in the following two aspects. First, in several occasions, two COBRA1-regulated gene are localized next to each other or only separated by a third gene, events that are unlikely to occur by chance. Second, many of the genes identified by the microarray study are localized within relatively small regions on the chromosomes. Although several COBRA1-regulated genes (e.g. GAGEs and TFF1-3) belong to tandemlocalized gene families, most of the 112 clustered COBRA1-regulated genes are structurally unrelated. We suspect that more COBRA1-regulated genes would be found in individual clusters if less stringent filtering criteria were applied to the microarray data. For instance, several genes at the Xp11 and 21q22 clusters (Figures 4 and 6) are unfiltered in the microarray yet identified as COBRA1-regulated by the real-time PCR assay. We find that 80% of these genes are in fact affected by COBRA1 knockdown in the same direction in both assays, suggesting that microarray-based findings may have underestimated the actual number of clustered COBRA1-regulated genes. It is also worth pointing out that the synteny of many of the COBRA1-regulated gene clusters is conserved between mouse and human. For example, the order of the neighboring genes at the TFF-encompassing cluster (Figure 6 ) is maintained between chromosome 21 in human and chromosome 17 in mouse, consistent with the notion that the co-expressed gene clusters are conserved owing to functional selection (Singer et al., 2005) .
The underlying mechanisms for the COBRA1-regulated clustered gene regulation remain to be elucidated. At least two possible scenarios could be envisioned. First, as a subunit of the NELF complex, COBRA1 may be simultaneously recruited to multiple promoters within the same chromosomal region via its interactions with a common DNA-binding transcription factor such as ERa at these promoters. The NELF complex that is present at each promoter may independently repress transcription of individual genes in the cluster. This mode of action is likely to occur for those duplicated gene families that may share common cis-regulatory promoter elements. For example, the three genes of the TFF family at 21q22 display similar patterns in the tissue-selective expression and regulation, and therefore have been suggested to share a common locus activation region (Tomasetto et al., 1992; Chinery et al., 1995; Gott et al., 1996) . In an alternative scenario, the COBRA1-mediated regulation of clustered gene expression may invoke a chromatin-based mechanism that is associated with, but distinct from its role in transcription elongation. In such an event, COBRA1 might be recruited initially to the promoter region of one of the regulated genes in the cluster, and its impact on transcription may be subsequently propagated to the neighboring genes via a putative influence of COBRA1 on higher-order chromatin structure. The second model would be in line with our previous observation that chromosome-tethered COBRA1 is capable of inducing large-scale chromatin reorganization (Ye et al., 2001) .
Given the known function of NELF in repressing transcriptional elongation, it is interesting to note that a significant number of genes are stimulated by COBRA1 (i.e. their expression downregulated in the COBRA1 knockdown cells). ChIP analysis failed to detect any COBRA1 association with several of the most downregulated genes in the COBRA1 knockdown cells (data not shown), suggesting that the observed effect of COBRA1 on these genes might be indirect. However, COBRA1 was detected at the promoter of UBASH3A, one of the genes in the TFF-containing gene cluster that were downregulated by COBRA1 knockdown (Figure 7) . Therefore, the possibility of a direct gene activation function by COBRA1 cannot be excluded at this point.
The TIMP1 and TFF1 genes that were chosen for in-depth characterization are overexpressed in breast cancer, making them promising prognostic markers (Hahnel et al., 1994; Toi et al., 1998; Balleine and Clarke, 1999; Fata et al., 2004) . In addition, expression of both genes may be regulated by the breast cancer tumor suppressor BRCA1. The TIMP1 gene frequently escapes from inactivation at the inactive X chromosome allele Brown, 1999, 2002) , and BRCA1 has been shown to participate in X chromosome inactivation (Ganesan et al., 2002) . Furthermore, elevated TIMP1 expression was found in BRCA1 mutation-associated ovarian tumors and 'BRCA1-like' sporadic ovarian tumors (Jazaeri et al., 2002 (Jazaeri et al., , 2004 . Likewise, it has been shown that BRCA1 directly binds to the TFF1 (pS2) promoter and represses its transcription (Fan et al., 2001; Zheng et al., 2001) . In light of the physical interaction between COBRA1 and BRCA1, it is tempting to speculate that these two proteins may act jointly to downregulate transcription from a common set of breast cancer-relevant genes such as TFF1 and TIMP1.
Many COBRA1-regulated genes that are uncovered in the current study have been previously associated with various types of cancer, consistent with the reported functions of COBRA1 in cancer cell proliferation and tumorigenesis (Aiyar et al., 2004; McChesney et al., 2006) . A search with the Oncomine Cancer Profiling Database (www.oncomine.org) indicates that expression of multiple COBRA1-regulated genes within a given cluster is deregulated in cancer. For example, four out of the eight COBRA1-regulated genes at the cluster on chromosome 17 are deregulated in prostate cancer (CPD, DUSP3, SMARCD2 and PSMD12). The same is true for all three clustered genes on chromosome 16 (GOT2, TK2, and MBTPS1) in prostate and leukemia. Likewise, altered expression of the TFF gene family has been implicated in lung cancer. In addition, two recent clinical studies show that concurrent overexpression of the TFF family members is associated with advanced breast and prostate cancers (Smid et al., 2006; Vestergaard et al., 2006) . Conceivably, alteration of COBRA1 activity and/or expression may contribute to the deregulation of transcription at these clusters in various cancer types, a notion that merits testing in future studies.
Materials and methods
Cell lines and culture T47D cells lines were obtained from the American Type Culture Collection (Manassas, VA, USA), and grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml).
shRNA constructs shRNA-mediated gene silencing was achieved using the pSuperRetro plasmid purchased from Oligoengine (Seattle, WA, USA). Two different oligonucleotides directed against the human COBRA1 (NELF-B) gene were used: COBRA-2A (5 0 -GTTCCACCAGTCGGTATTC-3 0 ) and COBRA-GA (5 0 -GACCTTCTGGAGAAGAGCT-3 0 ). As a negative control, an shRNA directed against EGFP was used (5 0 -GAACGG CATCAAGGTGAAC-3 0 ). Viral supernatants were prepared and used to infect T47D cells, and stable transfectants were selected with 10 mg/ml puromycin as described previously (Aiyar et al., 2004) .
Microarray and data analysis shRNA-expressing T47D cells were grown to 70% confluency and harvested for total RNA. Duplicates of the control EGFP and COBRA1-2A shRNA cell lines were subjected to microarray analyses, using the human gene array chips (HgU-133A) from Affymetrix as described earlier (Wu et al., 2005b) . Alteration of gene expression by COBRA1 knockdown was considered significant if the P-value was less than or equal to 0.05, the fold change in signal intensity (increase or decrease) was greater than 1.5 and the absolute difference in signal intensity was greater than 100. DMT chip software package was used to analyse the microarray data (Gallagher et al., 2003) . The P-values were computed by a non-parametric Wilcoxon's rank test comparing the population of PM probes and MM probes for each gene on the chip (http://genes.med. virginia.edu).
RNA isolation and cDNA synthesis Total RNA was extracted with TRIzol Reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). The quality of the RNA was verified by absorbance measurements at 260 and 280 nm. To prepare cDNA, approximately 1 mg of RNA was reverse-transcribed using ImPromp (Promega, Madison, WI, USA).
Quantitative real-time RT-PCR Results obtained from the Affymetrix microarray were verified by real-time RT-PCR for those genes highlighted in bold face in Supplementary Table 1. For the real time RT-PCR experiments, a neomycin-selected EGFP shRNA-expressing cell pool was used. Primer Express software (Applied Biosystems, Foster City, CA, USA) was used to design primers that cover two neighboring exons (Supplementary Table 2 ). SYBR Green technology and an ABI7300 real-time PCR machine were used for the quantitative real-time PCR analysis. Relative mRNA levels were determined and standard curves were generated by a serial dilution of cDNA. Expression levels were normalized against b-actin. Results were confirmed with at least four independent experiments.
To assess the mRNA abundance of GAGE1 from the highly homologous GAGE gene family on Xp11.2, a primer set was designed based on a unique 143-bp insertion in GAGE1. Because of the high degree of nucleotide identity between GAGE2 and GAGE8, Taqman primer probe sets from Applied Biosystems were used to measure separately the mRNA abundance of these two GAGE genes. A previously described primer set (VV1 and VDE24) (de Backer et al., 1999) was used in semiquantitative RT-PCR to measure the collective expression levels of GAGE-3, -4, -5, -6 and -7B.
Chromatin immunoprecipitation
ChIP assays were carried out according to a previously described protocol (Aiyar et al., 2004) . Primer sequences for the ChIP assay are listed in Supplementary Table 3 .
Immunoblotting An equal amount of whole-cell lysates was resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were detected by anti-COBRA1 (Aiyar et al., 2004) and anti-a-tubulin (Calbiochem, San Diego, CA, USA) antibodies.
